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Abstract
Accurate prediction of temperature in CO2 injection wells is very important in order to select wellhead parameters
that will yield desired bottomhole pressure and temperature and avoid complications that may occur due to phase 
transition along the well. This work presents analytical models related to temperature effects caused by compression
of gas in the well and the transfer of heat between the gas and the surrounding rock and vice-versa. These models are
integrated in an appropriate pressure model. The resulting model is combined with a robust procedure for estimating
thermodynamic and transport properties of the fluid to provide accurate prediction of the temperature in the well. In 
addition it also offers valuable estimates of thermal conductivities in the rock layers.
© 2013 The Authors. Published by Elsevier  Ltd.  
Selection and/or peer-review under responsibility of GHGT
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1. Introduction
An elevated global temperature is attributed to an increased level of emissions of CO2 into the
environment. Many are seeing injecting CO2 into geological formations for storage purpose as a short to
medium term means for reducing these emissions. This justifies further development of Carbon Capture 
and Storage (CCS) technology, where analytical modeling is an important part. This work presents a 
robust procedure to analytically model temperature effects in a CO2 injection well as a contribution to the
development of CCS technology.
Nomenclature of Major Symbols
L segment length        dimensionless number f t Time function    ff Fanning friction factor  
P Pressure gN Gravity number H Enthalpy Dimensionless number 
fN Friction number    Dimensionless number   Joule-Thomson coefficient    
T Temperature overU Overall heat transfer coefficient      overA Overall heat transfer area 
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2. Flow Equation for Pressure and Temperature prediction 
The major processes that govern the distribution of temperature in a CO2 injection well are heating due 
to compression in the well and the heat transfer between the fluid and surrounding rock [1, 2]. The 
heating due to compression depends on polytropic compression and Joule-Thomson effects. These effects 
are also pressure-dependent. As such the estimation of temperature of the fluid in the well will always 
require pressure to be calculated. The ensuing sections will first succinctly present a model for pressure 
calculation before elaborating on the models for temperature calculation. The basic equations are the 
energy balance for temperature and the extended Bernoulli equation for pressure. 
 
2.1. The Extended Bernoulli Equation 
    Assume a tubing section of deviation angle  and diameter D with the gas flowing downward at 
velocity u . Gravity, frictional and pressure forces are acting on the control volume cv  corresponding to a 
small segment of the well section.  
 
Figure 1: Forces acting on a control volume representing a segment of the flow conduit 
Applying momentum and material balance under steady-state condition and assuming of one dimensional 
downwards flow of the control volume will, the extended Bernoulli equation is written, equation (1.1) . 
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Where P is the pressure, T is the temperature, inT  and inP  are temperature and pressure at the inlet of a 
segment respectively and L is the length of the segment and dy is the length of the control volume. 
 
gN and fN are dimensionless numbers similar to those earlier introduced by Hagoort [3] for gas 
production wells. They are expressed by equation (1.2) and (1.3). 
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Where A is the flow conduit cross section area, mz is the Z-factor, D m is 
the mass flow rate, ff is the Fanning friction factor, R is the universal gas constant, mM is the 
molecular weight of the gas and g is the gravity acceleration, 
gN represents the ratio of gravitational to pressure forces. It gives an indication of the percentage of 
hydrostatic pressure  
fN suggests the measure of the magnitude of frictional forces 
pressure forces at the inlet of the segment.  
2.2. The Energy Balance  
Applying energy balance on the control volume in figure 1 under steady-state conditions will yield  
equation (1.4). 
 cosdHdy Qdy mg dy  (1.4) 
Where H is the enthalpy and Q is the heat transferred between the gas and the surrounding rock 
 
The enthalpy of a real gas depends on temperature and pressure as shown by equation (1.5). 
 p pdH c dT c dP  (1.5) 
Where pc is the isobaric heat capacity of the gas and is the Joule-Thomson coefficient 
Substituting equations (1.5) and equation (1.1) into equation (1.4) and rearranging gives equation (1.6) 
which is used to calculate the temperature. 
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 (1.6) 
Where pmC  is the molar heat capacity at constant pressure, q is the molar heat per unit length and  
(Omega) and  (Psi) are thermodynamic properties [2] defined by equation (1.7) and equation (1.8) 
respectively . 
 
T
P  (1.7) 
 mp
P zR
T C  (1.8) 
Omega is function of Joule-Thomson coefficient. It will generally be positive under injection pressure and 
temperature ranges for geological storage. It controls the temperature drop due to frictional pressure 
losses. Psi is a function of both the Joule-Thomson coefficient and the z-factor. As such it controls the 
temperature increase due to compression. 
 
(1.6) are given by equation (1.9). 
 0 : ; :in outy T T y L T T  (1.9) 
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The exchange of heat between the gas and the surrounding rock is represented by the third term on the 
right hand side of equation (1.6). It is based on the steady-state heat transfer through the wellbore 
components (tubing, casing annulus, casing and cement ring) and the transient heat transfer in the 
surrounding rock, which results in a pseudo-steady state transfer in the wellbore components.  
The final solution can be obtained by developing the heat exchange expression in equation (1.6) and 
integrating the equation between the inlet and outlet of the segment to yield equation (1.10). 
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 (1.10) 
Where, tiT is the inlet temperature of tubing, fcT inlet rock-cement interface temperature, outy and iny  are 
outlet and inlet depth of the segment respectively; and is a dimensionless  number expressed by 
equation (1.11) 
 over over over over
p p
U A U A
c q mc
 (1.11) 
Where overU is the overall heat transfer coefficient; overA is the overall heat transfer area, calculated as the 
log-average of the tubing  inner surface area and the surface area of the rock-cement interface; 
represents the ratio of the heat transfer capacity between the formation and the fluid, to the fluid heat 
capacity. As emphasized by Hagoort [3], it is the measure of heat lost to or gained from the surrounding 
rock relative the heat transported in the flow conduit, assuming that all heat transported is absorbed by the 
fluid under steady state transfer.  fcT  is calculated with equation (1.12). 
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Where ,  fT  is the fluid temperature in the well segment, FT is the surrounding rock temperature, overr is 
the equivalent wellbore radius used to calculate the overall heat transfer area and  f t is the time 
function for radial heat conduction in the surrounding rock adapted from the works of Eppelbaum and 
Kutasov [4] and  given by equation (1.13). 
 1ln 1 D
D
f t c t
a t
 (1.13) 
Where 
 2.701505a  (1.14) 
 1.4986055c  (1.15) 
Dt is a function of the rock thermal diffusivity ( d ), the injection time ( t ) and the wellbore radius ( wr ). It 
is expressed by equation (1.16). 
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The advantage of using the time function in equation (1.13) over the more generally used Ra
function [5] is that it also applies for times shorter than one week. Its advantage over the time functions 
proposed by Hasan and Kabir [6] is that it requires only one expression over the whole time scale and 
ion very early. These differences can be seen in Figure 2 below. 
 
 
Figure 2: Comparison of time function solutions and their time-range validity 
 
  Equation (1.7) and equation (1.8) show that Psi and Omega depend on temperature and pressure. As a 
consequence solution of equation (1.10) requires pressure to be known.  The codes used in this work do 
not require pressure to be solved first. To this end the marching algorithm presented by Brill and 
Mukherjee [7] has been adapted with analytical solutions to solve for pressure and temperature along the 
well. This divides the wellbore into segments of length defined by a validation criterion on temperature 
and pressure that requires that the relative difference between the z-factors at the inlet and outlet of 
segment should not exceed 0.1%. All fluid properties including Omega and Psi are first assumed to be 
constant and have values equal to their values at the inlet of the segment. Then the temperature in the 
segment is calculated using the inlet pressure. Thereafter new fluid properties are calculated with the inlet 
pressure and the new temperature. Finally the outlet pressure is calculated with the new temperature and 
new properties. The new pressure, temperature and properties are used at the inlet of the next segment to 
continue calculations. This results in a computational loop which is repeated from the wellhead to 
bottomhole. 
  The assumption of constant properties in a segment is reasonable because all gas properties, apart from 
omega are weak functions of temperature and pressure, with the exception on the saturation line and in 
the near-critical region. Furthermore, the fluid temperature is not too sensitive to omega because the latter 
is a function of the friction number fN , which is normally very small compared to other parameters.  
3. Modeling of Thermodynamic and Transport Properties 
Thermodynamic and transport properties are read from tables created with fundamental multiparameter 
equations of state for CO2. The density, heat capacity, enthalpy, entropy and other properties are 
calculated with the Span and Wagner equation [8]. Viscosity and thermal conductivity are calculated with 
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the equations of Fenghour et al. [9] and Scalabrin et al. [10] respectively. The rationale behind using the 
tables is to take advantage of high accuracy of these equations in all the fluid regions and avoid the very 
high computational time and coding complexity. Psi and Omega are amongst the tabulated properties. 
Their continuity in the thermodynamic properties table is shown in Figure 3. All the other properties are 
also continuous in the range of pressure and temperature of the tables (1 to 400 bar and 250 to 450 K) 
 
 
 
Figure 3:  Continuity of Psi (left) and Omega (right) in the thermodynamic properties tables 
 
 
4. The Ketzin Well Case Study 
   Henninges et al. [11] succinctly presented the Ketzin project and the injection well. The reservoir is in a 
sandstone layer of the Triassic Stuttgart formation in the North East German basin. It is located at 
approximately 630 meters depth. The initial temperature was around 33.5 °C and the initial pressure 
around 61 Bar. The injection well was drilled to the depth of about 755 meters. The temperature and 
pressure measurements have been taken at the depth of 549 meters approximately. For simulation 
purposes the wellbore configuration has been simplified and it is presented in table1 below. Surface 
temperature was taken as 10°C based on information from DTS *  measurements in the annulus. 
Geothermal gradient is taken as 0.037°C/m to give a temperature of 33.5°C reported as initial reservoir 
temperature at 630 m and a temperature of 37.9°C at the bottom of the wellbore at 755 m. The annulus 
thermal conductivity was assumed to be 0.25 W/mK.  
The injection dataset has been presented by Möller et al. [12]. Eight consecutive injection days following 
a three days shut-in period were selected to test the models. The measured injection parameters (pressure, 
temperatures and flow rates) are presented in Table 2. The rationale for the selection is the closeness of 
the injection parameters. During the eight days, the fluid is injected as gas at the wellhead and thus the 
values of Joule-Thomson coefficient along the well would be very similar. 
 
 
 
* Distributed Temperature Sensing 
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Table 1: Wellbore configuration and thermal conductivities 
Sections End MD (m) Dev. Angle (deg.) ID (m) OD (m) TC (W/mK) Item 
1 171 0 
0.076 0.09 45.00 Tubing 
0.23 0.25 45.00 Casing 
0.25 0.31 1.30 Cement 
2 562 0 
0.076 0.09 45.00 Tubing 
0.23 0.25 45.00 Casing 
0.25 0.31 1.40 Cement 
3 755 0 
0.12 0.13 45.00 Tubing 
0.131 0.14 45.00 Casing 
0.14 0.22 1.50 Cement 
 Table 2: Wellhead injection parameters (measured) 
Day Temperature (°C) Pressure (bar) Flow Rate (m3/day) 
1 37.09 55.37 26375 
2 30.27 57.22 29539 
3 30.38 57.86 29220 
4 31.9 58.36 26677 
5 28.93 58.71 29746 
6 29.84 58.63 26774 
7 30.87 58.25 28149 
8 26.71 58.85 36841 
 
Simulations have been performed with our in-house software. Predicted values of temperature and 
pressure at 549 meters depth are compared to measurements, as shown in Figure 4. Only results for day 1, 
4 and 7 have been plotted to ease readability. 
 
 
Figure 4: Comparison of simulated pressures to measured pressures (left) and simulated temperatures to measured temperatures and 
evolution of rock-cement interface temperature (right) for day 1, 4 and 7. 
 
Data analysis indicated that the highest pressure deviation is 1.34% and corresponds to day 7 and the 
highest deviation of temperature is 2.89% and corresponds to day 1. The high accuracy in pressure and 
temperature prediction is primarily caused by high accuracy in estimating not only the thermophysical 
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properties (density, viscosity, etc.) of the fluid but also in modelling the temperature effects. Secondly the 
stringent validation criteria in the well segments further contribute to minimizing the errors both on 
temperature and pressure.  
 
    It is worthy to note that the rock thermal conductivity in these simulations has been assumed to bear the 
highest uncertainty amongst all input parameters, and has, as such been used as the matching parameter. 
In sections 1 and 2 of the wellbore rock thermal conductivities of 3.0W/mK and 2.5W/mK respectively 
provided closest match of simulated values to measured ones. Whereas in section 3 reasonable 
extrapolation of temperature and pressure to the bottom of the well was achieved with a thermal 
conductivity value of 1.75 W/mK. In the three sections the same value of thermal diffusivity equal to 
0.018m2/h was assumed. The above thermal conductivities values are within the range reported by 
Norden et al. [13] for a reservoir in Altensalzwedel area, which is in the North German basin like the 
Ketzin.   
 
   The right hand side of Figure 4 presents the evolution of the rock-cement interface temperature with 
time. Initially (on day 1) the rock-cement interface temperature is assumed to be the undisturbed 
formation temperature and as such it is proportional to the geothermal gradient. As injection goes on, 
because the gas in the wellbore is hotter than the surrounding rock, heat is transported from the well to the 
rock. As a result, the temperatures of surrounding rock and that at the rock-cement interface and the 
wellbore components increase while that of the gas decreases. However in the lowermost part the well 
there is the reverse phenomenon. The surrounding rock is hotter than the fluid and as such it heats the 
fluid with time and the rock-cement temperature decreases as a consequence. These heating and cooling 
processes are to continue until the wellbore and the surrounding rock approach thermal equilibrium.  
 
5. Conclusions  
   Temperature effects in a gas injection well in general and a CO2 injection well in particular is governed 
by two major processes:  heating due to compression and heat transfer between the fluid and the rock. 
Estimation of heating due to compression requires knowledge of the pressure development in the well. 
Calculation of the rate of heat transfer between the rock and the fluid is based on assumption of steady-
state heat transfer in wellbore defined by an overall heat transfer coefficient and transient heat transfer in 
the surrounding rock governed by a time function.  
 
   This work has used appropriate pressure model, overall heat transfer coefficient and time function 
models, and a robust procedure to estimate thermodynamic and transport properties of CO2 to arrive at a 
highly accurate temperature model. The models have been implemented through a marching algorithm 
that ensures that the errors are minimized along the well. Comparison of the models with measured 
temperature and pressure data of CO2 in a shallow aquifer injection well shows deviations of less than 3% 
on temperature and 2% for pressure. The input parameter assumed to have highest uncertainty has been 
the rock thermal conductivity, and as such, it has been used as matching parameter. Therefore the models 
may also be used to estimate thermal conductivities of different rock layers whenever temperature 
measurements are available. 
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